Introduction {#Sec1}
============

The nature and mechanisms of the brain dysfunction underlying pathophysiology of migraine are yet incompletely understood, but abnormalities of neuronal cortical excitability are believed to play an important role \[[@CR1]\]. More in particular it has been suggested that changes in cortical activation can underlie the cortical spreading depression (CSD), a phenomenon considered the pathophysiological basis of migraine aura \[[@CR2]--[@CR4]\]. Evidence in experimental models that CSD can activate trigemino-vascular system that is considered the substrate of migraine pain, establishes then a pathophysiological link between aura and migraine \[[@CR5]\].

Neurophysiological techniques gave important contribution to understanding of such issue highlighting possible mechanisms of cortical dysfunctions in migraine \[[@CR6]\]. Evoked potentials (EP) and in the past years transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) allowed evaluation of cortical activation and responsiveness in migraine patients, testing pathophysiological hypotheses and opening also interesting therapeutic perspectives \[[@CR7]\].

The most relevant EP studies evidenced that migraine patients present impairment of habituation to repeated sensorial stimulation. This abnormality was confirmed in several studies and across all sensorial modalities, making defective habituation a neurophysiological hallmark of the disease \[[@CR8]\].

Transcranial magnetic stimulation was employed to test more directly cortical excitability in visual cortex and then also in motor cortex. The findings of these studies gave no univocal response, the characterization of cortical dysfunction in migraine still remaining an unsolved issue. Indeed, contradictory results have been reported pointing towards hyper- or hypo-excitability of migraine cortex \[[@CR9]--[@CR11]\]. In some other papers, impairment of inhibitory circuits has been shown and analogies have been proposed between migraine and conditions of sensory deafferentation in which down-regulation of GABA circuits is considered the more relevant pathophysiological mechanism \[[@CR12]--[@CR14]\].

Here we shortly discuss this evidence proposing also a working hypothesis linking impaired habituation to reduced efficiency of inhibitory circuits in migraine.

Evidence of impaired habituation in migraine {#Sec2}
============================================

Habituation represents the simplest form of implicit learning allowing an organism to learn the features of a new stimulus. When a new stimulus is presented, if it is irrelevant or not noxious, after a succession of exposure, the animal ignores it. Habituation can be studied in humans through evoked potential stimulation. Habituation of evoked potentials is expressed by reduced amplitude of the evoked response to repeated stimulation and is observed in normal subjects while is consistently reported to be impaired in migraine. Schoenen et al. (1995) \[[@CR15]\] first reported that migraine patients show lack of amplitude habituation to the ongoing visual evoked potential stimulation. Impaired habituation in migraine is not confined to visual inputs, but extends to all sensory modalities. Defective habituation has been indeed described in studies of auditory potentials or somato-sensory EP and also for cognitive potentials \[[@CR8]\]. More recently impaired habituation has been found also in nociceptive sensory inputs by the technique of laser evoked potentials \[[@CR16]\]. Moreover, impaired habituation in migraine has been shown to affect also reflex activities like Blink reflex, induced either by somatosensorial or nociceptive stimulation \[[@CR17]--[@CR20]\].

Schoenen et al. (1996) \[[@CR21]\], invoking the theory of the "ceiling" of neural activation, explained the lack of habituation in migraine as following a reduced pre-activation level of sensory cortex. According to this theory, healthy subjects that have normal pre-activation of sensory cortex easily reach the top ("ceiling") of response activity after repeated sensory stimulation and show habituation. Differently, migraineurs, starting by a lower level of activation have a large range for suprathreshold activation up to the ceiling, explaining the lack of habituation after the repetition of the same stimuli. The reduced pre-activation explains also the reduced amplitude of early block that was found in visual \[[@CR15], [@CR22]\], auditory \[[@CR23]\] and somatosensory \[[@CR24]\] EPs but also in brainstem reflexes, where a reduced first reflex area under the curve was reported in migraineurs with respect to controls \[[@CR18]--[@CR20]\].

Results in favour of such hypothesis have been recently reported through sophisticated EP techniques analysing high-frequency oscillations (HFO) of somatosensory \[[@CR25]\] and visual evoked potentials \[[@CR26]\]. Indeed the authors find reduced amplitude of early component of HFO in SEP that is due to thalamo-cortical activation and reduced habituation of the late component of gamma band oscillations (GBO) in VEPs that is expression of visual cortical activation.

Dysfunctions of cortical excitability in migraine: the contribution of non-invasive brain stimulation techniques {#Sec3}
================================================================================================================

Transcranial magnetic stimulation is a non-invasive and easy tool able to induce painless cerebral stimulation through application of a magnetic field on the scalp. Repeated magnetic pulses (repetitive TMS: rTMS) are able to induce long lasting plastic effects that last also after the end of the train and differ depending of the stimulation frequency employed: low frequencies (≤1 Hz) reduce while high frequencies (\>1 Hz) increase cortical excitability. tDCS is transcranially administered through electrodes over the scalp and is thought to modulate cortical excitability by changing the potential of cell membranes due to anodal (facilitatory effect) or cathodal stimulation (inhibitory effect).

Due to these properties, rTMS and tDCS have been used to study cortical plasticity and to explore potential therapeutical application in several neuropsychiatric disorders \[[@CR27]\].

In 1998 Aurora et al. using single-pulse TMS investigated the excitability of the visual cortex evaluating the stimulation intensity needed to induce the perception of phosphenes (phosphene threshold: PT). The authors found that lower magnetic stimulation intensity was needed to induce phosphenes in migraineurs compared to controls and concluded that the migraine brain is hyperexcitable \[[@CR28]\]. Further evidence of increased excitability of primary visual cortex with the same technique was reported also by other studies \[[@CR29]--[@CR31]\]. In 2002, Batelli et al. reported also hyperexcitability of the extrastriate cortex V5 (an area particularly devoted to visual perception of motion) showing reduced threshold for the induction of "moving phosphenes", particular phosphenes that are perceived to move in the visual field \[[@CR32]\].

Other studies, however, found different results reporting higher variability of PT values in migraineurs \[[@CR33]\] and lower prevalence of phosphenes in migraineurs with respect to healthy controls \[[@CR33], [@CR35]\], pointing toward hypo- rather than hyper-excitability of visual cortex in migraine. According to this view, more recently, Lo et al. (2008) found lower prevalence of phosphenes in migraine patients showing a worse clinical picture \[[@CR36]\].

Studies of cortical modulation and evidence of reduced efficiency of inhibitory circuits in migraine {#Sec4}
====================================================================================================

The application of rTMS and tDCS allowed interesting advance in the issue of cortical excitability, giving the chance to better investigate responsiveness and modulatory properties of cortical areas in migraine (see Table [1](#Tab1){ref-type="table"}). In 2002 Bohotin et al. \[[@CR37]\] used rTMS to explore the effects on habituation to visual evoked potentials in migraine.Table 1rTMS and tDCS studies in migraine and in controls (including functional deafferentation models: \[[@CR60], [@CR73]\])AuthorsSubjectsCortexMethodsOutcomeResultsBohotin et al. \[[@CR37]\]Controls\
MO, MAStriate1, 10 Hz rTMS\
VEPs habituationEffects of 1Hz and 10 Hz on\
VEPs habituationNormalization of VEPs habituation in migraine with 10 Hz rTMS\
Impairment of VEPs habituation in controls with 1 Hz rTMSBrighina et al. \[[@CR38]\]Controls\
MAStriate1 Hz rTMS\
PTEffects of 1 Hz rTMS on PT↑ PT in controls\
↓ PT in MA patientsFierro et al. \[[@CR39]\]Controls\
MAExtra-striate1 Hz rTMS\
Kaniza's figuresEffects of 1 Hz rTMS on RT to perceptual contours perception↑ RTs in controls\
↓ RTs in MA patientsBrighina et al. \[[@CR46]\]Controls\
MAMotorpp-TMS (2, 10 ms ISI)\
1 Hz rTMSSICI, ICF\
Effects of 1 Hz rTMS on SICI and ICF↓SICI in MA\
↓ICF in controls,↑ ICF in MA after 1 Hz rTMS\
No effects on SICI after 1 Hz rTMSFierro et al. \[[@CR60]\]ControlsStriateLight deprivation (LD)\
1, 10 Hz rTMS\
PTVisual cortical excitability (PT) changes in LD with and without rTMS (1Hz and 10 Hz)\
PT recovery time after ligh re-exposure (PTR)LD increases visual cortex excitability\
LD + 1 Hz rTMS: ↑PTR\
LD + 10 Hz rTMS: ↓PTRFumal et al. \[[@CR74]\]Controls\
MO, MAStriate1, 10 Hz rTMS (5 days)\
VEPs habituationLong-term effects of 1Hz and 10 Hz on VEPs habituation10 Hz rTMS: long lasting normalization of VEPs habituation in MO, MA\
1 Hz rTMS: long lasting impairment of VEPs habituation in controlsChadaide et al. \[[@CR50]\]Controls\
MO, MAStriateCathodal, anodal tDCS PTEffects of cathodal, anodal tDCS on PTAnodal tDCS ↓ PT in MA more than in controls\
catodal tDCS ↑ PT in controls, no effect in MA, MOBolla et al. \[[@CR41]\]Controls\
MOStriate9 Hz rTMS VEPs habituationLTP/LTD effects on VEPsLTD (↓VEPs amplitude) and ↓VEPs habituation in controls\
No effects in MO patientsAntal et al. \[[@CR71]\]Controls\
MAMotorCathodal, anodal tDCS 5 Hz rTMSHomeostatic plasticity: effects of tDCS on rTMS modulationAnodal tDCS: no homeostatic effects (no MEP changes) in MA\
catodal tDCS: homeostatic effect in MA and controlsPalermo et al. \[[@CR73]\]ControlsStriateLight deprivation (LD)\
1, 10 Hz rTMS\
VEPs habituationEffects of LD with/without rTMS on VEPs habituationLD impairs VEPs habituation\
LD + 1 Hz impairs VEPs habituation\
LD + 10 Hz restores VEPs habituationSee text for details*MA* migraine with aura, *MO* migraine without aura, *VEPs* visual evoked potentials, *rTMS* repetitive transcranial magnetic stimulation, *PT* phosphene threshold, *RT* reaction time, *ISI* inter-stimulus interval, *SICI* short lasting intracortical inhibition, *ICF* intracortical facilitation, *LTP* long-term potentiation, *LTD* long-term depression, *tDCS* transcranial direct current stimulation

The authors found that hf-rTMS (that show facilitatory effects in normals) is able to restore habituation in migraineurs, while low-frequency (lf) rTMS disrupted habituation in healthy subjects. They explained these results, as a facilitating effect of rTMS in migraine and an inhibitory one in healthy subjects, thus supposing visual cortex in migraine to be hypo-active. This interpretation results facile in light of recent evidence about the role of basal cortical status in determining the rTMS modulation effect, which seemed paradoxical in condition of increased cortical excitability \[[@CR13], [@CR14]\]. So we think that a risk of circular reasoning occurs using rTMS to ascertain cortical excitability in migraine as rTMS effect itself could be affected by the same phenomenon (cortical excitability) that rTMS should evaluate.

Indeed, using 1 Hz rTMS that shows inhibitory effects in healthy subjects we found a paradoxical facilitatory behaviour in striate and extrastriate visual cortices of patients affected by migraine with aura \[[@CR38], [@CR39]\]. Considering the effects of 1 Hz rTMS on the visual cortex of healthy subjects as following to LTD like mechanisms (see Boorojerdi et al. 2000 \[[@CR40]\]) these findings evidence a dysfunctioning LTD mechanism in migraine. Interestingly, this put our results partly in agreement with those obtained by Bolla et al. (2007) \[[@CR41]\] that also showed LTD impairment studying the effects of rTMS on VEPs.

Differently from Bolla et al. (2007) \[[@CR41]\], we interpreted this dysfunction as consequent upon a reduced activity of inhibitory circuits unable to be up-regulated by low-frequency stimulation. This is because the inhibitory effects of lf-rTMS depend on the integrity of cortical inhibition and evidence in favour of reduced inhibition of visual cortex had been previously reported in TMS papers where the effects of GABA-ergic drugs were evaluated \[[@CR42]\] and also in the majority of psychophysical studies \[[@CR43]\] with the exception of the data by Shepherd et al. 2001, 2006 \[[@CR44], [@CR45]\]. Moreover, we also obtained more direct evidence of reduced efficiency of intracortical inhibitory circuits in a further study on motor cortex. Indeed, using the paired pulse TMS technique that allows selective assessment of intracortical inhibition (ICI), we found reduced ICI levels in baseline in migraine patients together with a paradoxical response of intracortical faciltatory circuits after 1 Hz rTMS, similar to that observed in visual cortex \[[@CR46]\].

Other direct evidence of impaired inhibition came also by studies of silent period (SP), a measure of spinal and cortical inhibition that principally depends on activity of GABAB circuits. All but one \[[@CR47]\] studies found a significant reduction of SP in migraine patients \[[@CR48], [@CR49]\]. In particular, more specific evidence of the reduced cortical inhibition was recently provided by Currà et al. that found reduced SP in facial muscle (where SP depends entirely on cortical inhibition) \[[@CR49]\]. More recently evidence in favour of a reduced activity of cortical inhibitory circuits has been reported also by technique of tDCS in patients affected by migraine with aura \[[@CR50]\]. A question could be raised because the mentioned evidence concerns only cortical structures while LTD dysfunctions have been reported also for brainstem responses like blink reflex (BR) \[[@CR17]--[@CR20]\]. However, it has been shown that BR can be modulated by GABA neurotransmission \[[@CR51]\] and that changes in BR reactivity could also be determined by cortical modulation (in a recent rTMS study stimulation of motor cortex was found able to modulate BR) \[[@CR52]\]. Moreover, the descending modulatory influences of cortical areas on brainstem nuclei involved in pain control and their potential role in precipitating migraine attacks have been recently described \[[@CR53], [@CR54]\].

Cortical inhibition and sensory deafferentation {#Sec5}
===============================================

The picture of reduced inhibition and paradoxical facilitatory responses we observed in migraineurs presents interesting similarities with neurophysiological changes observed in conditions of deafferentation-induced-plasticity. Indeed, in experimental animals it was shown that deafferentation induces rapid plastic changes that are principally mediated by the unmasking of existent but latent cortico-cortical connections and that the mechanisms involved include removal of local inhibition \[[@CR55]--[@CR57]\]. Moreover, in a study of functional deafferentation of the sensory-motor cortex performed through transient ischaemia of the forearm in healthy subjects \[[@CR58], [@CR59]\], Ziemann et al. found down-regulation of inhibitory circuits and paradoxical responses to rTMS similar to that we found in migraine patients. Indeed, they found that the abnormalities of cortical excitability could be pharmacologically corrected by GABA active drugs \[[@CR59]\], suggesting that the rapid removal of GABA-related inhibition is a necessary step for this form of deafferentation-induced plasticity. Previously we found similar neurophysiological abnormalities in healthy subjects undergoing functional visual cortical deafferentation induced by short-term light deprivation \[[@CR60]\]. In this condition visual cortex showed increased excitability and a paradoxical pattern of synaptic strengthening to rTMS. Lf-rTMS induced facilitatory effects while hf-rTMS showed an inhibitory effect restoring normal excitability levels.

The condition of deafferentation-induced-plasticity parallels in some way the theory of "reduced thalamo-cortical activity" that results in cortical hyper responsivity \[[@CR11]\]. In this picture we think that deafferentation could act, at least in part, through reduced inhibition, because in models of deafferentation and short-term plasticity of visual cortex, down-regulation of GABA circuits has been shown to exert an important role \[[@CR40], [@CR61]--[@CR63]\]. Facilitatory mechanisms seem to be prevalent in visual adaptation \[[@CR64], [@CR65]\]; however, the interplay between excitation and inhibition has important functional role in mechanism of experience-dependent plasticity and deafferentation \[[@CR66]\]. Moreover, as showed recently, integrity of GABA circuits is critical to maintain a normal state of homeostatic plasticity in visual cortex \[[@CR67]\].

Aside from sensorial deafferentation, paradoxical effect of inhibitory changes by high-frequency rTMS have been also described in other conditions of altered cortical excitability like Parkinson's disease \[[@CR68]\] or neuropathic pain \[[@CR69]\]. In both conditions cortical inhibition was defective and could be restored by hf-rTMS trains.

Changes or dysfunctions in homeostatic plasticity have been invoked to explain paradoxical responses in condition of increased excitability following deafferentation or not. Impairment of homeostatic plasticity has been described in patient with dystonia \[[@CR70]\] and very recently also in migraine \[[@CR71]\]. Antal et al. (2008), studying the priming effects of tDCS on hf-rTMS train, found a reduced homeostatic-plasticity response in migraine, that differently from controls showed no inhibitory effect to hf-rTMS after the priming with excitatory anodal tDCS currents.

Relationship between cortical inhibition and habituation and potential therapeutic approaches {#Sec6}
=============================================================================================

Impaired habituation has been consistently reported in migraine, extending to all sensory modalities, and is considered to represent a neurophysiological hallmark of the disease \[[@CR8]\]. The neural mechanisms underlying this phenomenon, however, remain still to be cleared. According to the hypothesis by Schoenen et al., a reduced level of cortical pre-activation, probably following impairment of serotoninergic transmission, could account for the lack of habituation \[[@CR8], [@CR21]\]. In their recent review the authors \[[@CR8]\] indeed consider that the reduced HFO, evidenced in somatosensory potential (reflecting a reduced thalamo-cortical activation), could underlie the basal hypo-activity of the sensory cortices. In our opinion the reduced efficiency of inhibitory circuits could represent a valid background to impaired habituation, in migraine as a consistent bulk of evidence supports the reduced activity of inhibitory circuits in migraine \[[@CR13], [@CR14], [@CR29], [@CR30], [@CR38], [@CR39], [@CR42], [@CR43], [@CR46], [@CR48]--[@CR50]\]. This could apply not only for cortical but also for sub-cortical structures (see lack of habituation of BR) where it could occur through local GABA dysfunction (see Harsing 2006 about the interplay between GABA and 5HT neurons at brainstem level \[[@CR72]\]) or following abnormal cortical modulation \[[@CR53], [@CR54]\].

Then, could reduced inhibition play a pathophysiological role disrupting habituation in migraine? We recently explored this hypothesis studying the changes in VEPs habituation in a model of functional visual deafferentation induced by light deprivation \[[@CR60]\] (a condition in which a change in visual cortical excitability occurs, likely due to down-regulation of inhibitory circuits) in healthy subjects (paper presented at 12th Congress of the European Federation of Neurological Societies \[[@CR73]\]). In this experimental set we evaluated also the effects of low- and high-frequency magnetic stimulation. We found impaired habituation to VEPs in normal subjects, after 60 min of visual deprivation. Moreover, hf-rTMS, which probably acts through up-regulation of inhibitory circuits, was able to completely restore habituation. As visual deafferentation very likely determines down-regulation of GABA circuits, these results support the existence of a causal link between reduced inhibition and impaired habituation.

The restoring effects of hf-rTMS deserve particular interest also under the respect of potential therapeutic applications. Under this respect our results are in agreement with those by Bohotin et al. (2002) \[[@CR37]\] that showed the ability of hf-rTMS to restore VEPs habituation in migraineurs, and with a further study by the same group \[[@CR74]\] showing that repeated trains of 10 Hz rTMS were able to normalize habituation to VEPS with plastic effects lasting over time. This, even if authors propose different explanation, hypothesizing that hf-rTMS would act through a facilitatory effect, able to correct the condition of reduced cortical pre-activation.

We also showed lasting beneficial effects by hf-rTMS of the left dorsolateral prefrontal cortex in a group of patients affected by chronic migraine \[[@CR75]\].

Therefore these studies, even if based on different pathophysiological views, reach similar conclusions, opening new, attractive prospects for the potential therapeutical application of hf-rTMS in migraine.

Conclusions and final remarks {#Sec7}
=============================

Impaired habituation probably represents a neurophysiological marker of migraine \[[@CR8], [@CR11], [@CR21]\]. A consistent bulk of evidence highlights also the role of reduced cortical inhibition in the pathophysiology of this disease \[[@CR13], [@CR14], [@CR29], [@CR30], [@CR38], [@CR39], [@CR42], [@CR43], [@CR46], [@CR48]--[@CR50]\]. Reduced pre-activation of sensory cortices, likely following to thalamo-cortical dysfunctions \[[@CR8], [@CR11], [@CR21]\], has been proposed as the principal pathogenetic mechanism for impaired habituation. According to this view a reduced thalamo-cortical activation would also explain reduced efficiency of cortical inhibitory circuits through the impairment of collateral inhibition \[[@CR8]\]. However, following to reduced thalamic drive also facilitatory circuits should be impaired, but this does not seem the case, as on the contrary, hyperexcitability of facilitatory circuits has been reported \[[@CR76]\]. Anyway, thalamic abnormal activation (suggested on the basis of reduced HFO) would also explain the reduced amplitude of the first train of VEPs through an initial defect in synchronization of evoked responses without the need to invoke a condition of reduced cortical pre-activation. Indeed, thalamic processing plays an important role in synchronization of sensory inputs. More, thalamic function is also controlled by modulatory cortical influences that play a fundamental role in synchronizing the activities of thalamic and cortical neurons needed for adequate timing of brain activities \[[@CR77]\]. Therefore, changes in cortical activity could also determine changes in HFO components of SEPs as it has been showed in recent studies exploring the effects of brain stimulation on HFO component \[[@CR78], [@CR79]\]. In one of these studies in particular, the authors found similar effects of theta burst rTMS on HFO and on cortical inhibition \[[@CR79]\].

We think that reduced cortical inhibition could play a role in pathophysiology of migraine, included impaired habituation, even if this does not directly mean that the cortex is the primitive cause. Indeed, in our model of functional visual deafferentation (that acts through down-regulation of inhibitory circuits), habituation becomes impaired and subjects present paradoxical responses to low-frequency stimulation as that found in migraine. In our opinion the analogies between migraine and experimental models of sensory deafferentation are particularly interesting, considering that the neurophysiological findings of reduced inhibition and paradoxical facilitation were common to both states. Disruption of habituation has been described in diseased state, like tinnitus \[[@CR80]\] where deafferentation of acoustic cortex is believed to be the principal pathogenetic mechanism. On the other hand, receptorial dysfunction in visual \[[@CR81]\], olfactory \[[@CR82]\] and more recently in auditory \[[@CR83]\] and vestibular systems \[[@CR84], [@CR85]\] have been described in migraine. Could they play any role in generation of functional cortical abnormalities observed in this disease, through mechanisms like those operating in deafferentation? It is known that disruption of receptor function cannot directly affect habituation that depends on central cortical and subcortical structures and is not related to changes in receptor adaptation. However, receptor dysfunction can induce relevant cortical reorganization that could dramatically affect cortical responsivity. Indeed, in patients with achromatopsia (a disease affecting cone receptors and colour vision) Baseler et al. (2002) \[[@CR86]\], in a fMRI study showed a large scale developmental reorganization of visual cortex with a markedly increased responsivity to light. In the same way, acoustic deafferentation that has been shown at the basis of tinnitus, gives raise to a reorganization of acoustic cortex that induces a particular sensitivity to sounds \[[@CR87]\]. Moreover in these patients, decreasing cortical excitability through low-frequency rTMS was found to be able to relieve tinnitus \[[@CR88]\]. Concerning the mechanisms involved in such reorganization, it is interesting to note that down-regulation of inhibition has been described in a manner similar to what occurs in other deafferentation conditions \[[@CR89], [@CR90]\]. On the other hand deafferentation and activity dependent plasticity can induce changes of cortical as well as subcortical structures like thalamus and brainstem \[[@CR91]\]. Therefore, in our opinion, it is probable that central cortical and subcortical plastic changes induced by receptor dysfunction could contribute (together with other factor) to affect excitability and responsivity of CNS in migraine, predisposing to migraine attacks. This is to be considered of course only as a working hypothesis that is worth to be explored to better understand neural mechanisms underlying pathophysiology, opening also new treatment strategies for migraine.

None.
